The ventilation rates of 23 operating theatres were tested randomly. These were found to vary widely from-design specifications ( -43 to +40%). One modern theatre was studied intensively for 6 months and the causes of poor ventilation determined. Preventative maintenance schemes are justified by a positive relationship with plant performance. The influence of theatre ventilation on contamination with anaesthetic agents and the medico-legal implications of poor theatre ventilation are discussed. There is a need for main duct airflow signals, displayed in theatre, to warn personnel of low levels of theatre ventilation.
The varying performance of ventilation systems has been noted as a factor in the contamination of operating theatres with anaesthetic agents (Spence, 1973; Langley and Steward, 1974) and bacteria (Lidwell, 1972) but the variations are not well documented (Hewer, 1972; Kensett, 1974a; Smith, 1976) . The concentration of waste anaesthetic gas in an operating theatre depends on the amount of gas released and the volume and ventilation of the room (Frey et al., 1974; Burm, Spierdijk and Reijger, 1975) . Piziali and others (1976) found that the anaesthetic waste gas concentration measured at the air-conditioning exhaust grilles reached equilibrium after a critical number of room air exchanges, which is consistent with perfect mixing of gases. This study was designed to test the ventilation rates in the plenum-ventilated operating theatres of three hospital groups and to compare the performance of each ventilation plant with the design specification.
METHOD
The design plans of 23 plenum-ventilated operating theatres in four city hospitals were consulted to determine the duct distribution of the conditioned air and the flow rates from the inlet grilles of the theatres and anaesthetic rooms. Random tests of the inflow to these areas were carried out under controlled conditions between December 1975 and May 1976. The inflow rate of the wall grilles and ceiling diffusers was measured with an electronic vane-type anemometer (Airflow Developments Ltd, see Appendix 1) and its CHRISTOPHER GEOFFREY MALE, M.B., CH.B., F.F.A.R.C.S.
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0007-O912/78/0050-1257 $01.00 output displayed on a pen recorder (Record Electrical Company Ltd) . Weekly comparison with a new, infrequently used, model of the same instrument showed stability over the 6-month period of study.
After initial stabilization of the reading, an average flow rate was taken over 100 s at each position. The anemometer head (102 mm diameter) was placed parallel and close to the face of the grille or difluser and at right angles to the direction of airflow. Readings were taken of areas in traverses and rows such that 75% of the total area was covered by the anemometer without overlapping of areas of measurement. The total area of the grille was multiplied by the average of the individual area readings to give the measured flow rate from that grille. The procedure was repeated for all inlets to the theatre and anaesthetic rooms with all doors closed, and when the theatre was not in use.
Flow measurements were made also in the main duct from the ventilation plant supplying one modern theatre. Observations were made with an electronic thermistor anemometer (Airflow Developments Ltd, see Appendix 2). Fifty-four points of measurement in six traverses and nine rows were allocated to the 610 x 355-mm rectangular duct according to BS 848: Part 1 British Standards Institution (1963) . In addition, at each corner of the rectangular duct, measurements were taken at four points of the compass equidistant from the midpoint and limits of the subsection. The average velocity in each corner subsection was calculated from the mean of the velocities at the five points. The volume flow in the duct was obtained by multiplying the cross-sectional area of the duct by the averaged velocity of all subsections.
To determine the balance of conditioned air flow to the study theatre and its anaesthetic room, changes in peak velocities from the grilles were observed with Random temperature and relative humidity recordings were made in all 23 theatres with a whirling hygrometer (A. Gallenkamp and Company Ltd). Continuous recordings over 7 days were taken in six theatres within the three hospital groups (Cambridge recording thermometer and hygrometer).
RESULTS
A modern operating theatre used for day-case surgery provided a source of detailed observations over a 6-month period. Duct airflow measurements taken at weekly intervals remained at 27.8-29.1 m 3 min-i (27-24% less than design specification) despite corrective measures. The fan-belt drive to the axial airflow generator was tightened and the roll filter was wound on to present a clean strip in the intake duct; optimal flows were observed for less than 36 h. The pressure gauge across the roll filter failed to detect the decreased airflow because it reacts to a combination of airflow and filter resistance. However, steamcleaning of the upstream frost coils, for the first time in the 5 years after plant installation, improved duct airflow to 53.1m 3 min-1 (39% more than design specification). This was sustained for at least 3 weeks, after which the study was terminated (table I) .
It was not possible to make regular comparisons of main duct and grille flows. Nevertheless, during one observation period the main duct flow was 35.2 m 1 (mean + SD, n = 221) over 10-min periods on five consecutive days. During another period when duct studies showed the plant to be delivering only 74% of designed air flow, peak grille velocities in the anaesthetic room were observed when various combinations of doors were opened. When the doors from theatre to adjacent sterile room, sluice room and theatre corridor were opened, peak grille air velocity varied little (« = 12) in theatre and 1.79 + 0.02 m s" 1 (n = 12) in the anaesthetic room). However, when double doors from the anaesthetic room into theatre and to the theatre corridor were opened, the flows in the anaesthetic room decreased significantly (1.18 +0.02 ms-1 , n = 14, P<0.001) while flows in theatre increased (1.11 + 0.02 ms" 1 , n = 14, P< 0.001). Studies on the effects of opening only one door were inconclusive.
Smoke studies of the direction of airflow in the unoccupied operating theatre when the plant was working at 73% of designed performance showed anomalies. Although the theatre ventilation was designed to produce some turbulence and downward displacement, smoke streamed across the ceiling from the grilles set high on one wall and was deflected down by the opposite wall to the floor along which it streamed back to the wall of origin. Air left the room through gaps under the doors except when these were opened and pressure relief flaps near the floor functioned momentarily. When the diathermy machine, operating table and instrument trolley were positioned as for surgery, upward deflection of the smoke stream was observed around the operating table, with the obvious risk of wound infection. Airflow was also demonstrated from the sterile preparation room and scrub-up areas into theatre as design plans allowed.
Within the study theatre temperature changes were minimal over a 3-week period of observation under normal working conditions (range 21.7-23.6, mean 22.5 °C). Relative humidity also varied little (range 44-54, mean 48%). The temperature cycle of the ventilation system followed a heating phase of 1 min 48 s and cooling phase of 3 min 30 s duration; the sensitivity of the temperature monitoring device which triggered the heating coils varied between 0.6 and 1.0 °C.
Recordings of temperature and humidity over 7 days from one corner of each of seven operating theatres showed a range of 18.1-25.0 °C (mean 21.9 °C) and 27-63% (mean 43%) respectively (table II). The minimal variation (±2%) in daily mean humidity recordings for each theatre implied a steady plant performance. A comparison of conditions during use and when unoccupied showed no significant differences except when theatre ventilation was switched off overnight. Under these circumstances the temperature increased, humidity decreased and plenum ventilation to areas adjacent to the theatre suite reversed the designed flow from cleaner to less clean areas.
The design specifications for the ventilation rates of 23 operating theatres covered a range of 14-26 (mean 19) air changes per hour (Ach" 1 ). The observed ventilation rates of these theatres varied widely from design specifications (table I) . The poorest performance, recorded incidentally by the lowest designed performance (HAch" 1 ), was only 57% of that design value. The highest rates above design values were observed in two recently installed modular theatres (40 and 33% greater than design). The overall performance in the 23 theatres was 15% less than design specifications. The date of design and time of installation bore no relationship to plant performance.
Analysis of the data according to hospital groups showed that the engineering department responsible for the greatest number of theatres (11) had the worst record, with a mean plant performance 26% less than design specification. The department responsible for the smallest number of plenum-ventilated operating theatres (four) produced a mean plant performance of 7% greater than design values. The planned preventative maintenance programme of this department was related to our observations. The most recently serviced plant performed at 31% above specification, those overhauled within the previous 6 months at 13 and 9% above design and the theatre awaiting maintenance had a ventilation rate 26% below design value. Servicing included changing corroded heating coils for non-corroding types, and steam-cleaning the cooling coils and filters.
The design specification for ventilation of 22 anaesthetic rooms showed a range of 5-23 (mean 13) Ac h -1 . Eighteen of the anaesthetic rooms possessed design values less than 15 Ac h" 1 recommended as adequate ventilation for the group of rooms next cleanest to the operating theatre (Lidwell, 1972) . Observed levels of ventilation varied from 72% less than to 125% more than (mean 3% below) design values.
DISCUSSION
Some degree of contamination of the operating theatre environment with anaesthetic gases is inevitable (Whitcher and Piziali, 1977) . Sources of contamination include the piped gas supply and cylinders, particularly during connection, disconnection and testing procedures, the anaesthetic machine (Thomson, 1973) , vaporizers, rubber tubing of the breathing systems (Smith, 1976) , unscavenged expiratory valves, the patient-mask interface during anaesthesia, and the patient after disconnection from the breathing system at the end of the procedure. Open and semi-open anaesthetic techniques, such as the high fresh gas flow through a T-piece, the inhalation induction of anaesthesia by facemask in children and endotracheal insufflation during airway endoscopy, are not suited to scavenging.
The concentration of anaesthetic and waste gases in the operating theatre can be predicted for nonrecirculating air-conditioning systems by the formula: This assumes perfect mixing of the gases within theatre, which is not observed in practice except with air-conditioning systems that create major floor-toceiling eddies such as entrainment type inlets delivering flows of 15-20 Ac h-1 ) (Piziali et al., 1976) . However, for a given leak rate of anaesthetic gas under ideal conditions when the theatre is not in use, the trace concentrations should vary inversely as the ventilation rate of the theatre.
C = (60xLxl0*)[NV
Theatre ventilation serves purposes other than that of reducing contamination with anaesthetic gases. It should remove airborne bacteria released into the theatre suite and prevent their entry from corridors, other indoor areas and from outside the hospital (Lowbury et al., 1975) . Recommendations for the design of operating departments are outlined in Hospital Building Note No. 26 (1967) . The direction of airflow within an operating department should always be from cleaner to less clean areas. In a modern theatre suite with poor ventilation, we observed a similar decreased ventilation (40% less than design) in an adjoining theatre which prevented significant airflow and reduced the risk of bacterial contamination through the shared scrub-up area.
The distribution of ventilation from the plant to the theatre suite according to the pressurization of the area supplied is determined by the balanced resistances of the duct dimensions for a given range of duct airflow. Significant variations outside the designed range may alter the pressurization of areas and reverse the designed air flow from cleaner to less clean areas. The direction of airflow through open doorways is determined also by the area of the doorway and the temperature difference across it (Lidwell, 1972) . Theatre ventilation systems are designed to function most efficiently with no more than one doorway open from the operating theatre at any one time. Our observations support this statement, although the theatre ventilation was 25% below specification at the time of the tests. Interestingly, the importance of airborne infection in general surgery is disputed by some authors (Shaw, Doig and Douglas, 1973) .
A third function of theatre ventilation is to provide the surgical team with comfortable working conditions. Unfortunately, the requirements of individuals working within the room (ambient temperature of 18-21 °C, relative humidity 50-55%) differ from those of the anaesthetized patient (24-27 °C and 50% respectively) (Mackenzie, 1973) . The most satisfactory room conditions are a temperature range of 21-24 °C and 55% relative humidity (Kensett, 1974a) . The temperature and humidity conditions recorded in seven operating theatres in this study favoured the interests of the theatre personnel. Some low values of humidity were outside the recommended range of comfort (Lidwell, 1972) . However, high relative humidities are no longer required on the grounds of preventing explosions of anaesthetic gases from the discharge of static electricity (Lidwell, 1972) .
The effect of ventilation on contamination of the operating theatre is well recognized (Langley and .Steward, 1974) . Turbulent flow produces uneven spread with the greatest concentration of waste anaesthetic gases around the heads of theatre personnel. Theatre ventilation decreased below design specifications alters the pattern of flow, with the risk of bacterial contamination of the wound. This was demonstrated with smoke studies in one theatre, but the tests were not performed during theatre use when directions of air currents may have been affected by the heat generated from the theatre lamp and other electrical equipment, and by movement of staff within theatre.
Whilst acknowledging that it is difficult to obtain reliable measurements from the delivery side of grilles and diffusers (Lidwell, 1976) , other investigators have used such techniques (Nikki et al., 1972; Piziali et al., 1976) , and it was impractical to perform more invasive studies of airflow in the main ducts of so many theatres. Simultaneous comparison of grille and duct flows at two levels of airflow in the same system gave results within 0.8% and 1.42%. The electronic vane anemometer proved portable, simple to use and reliable, with stable readings over several months.
The positive relationship between planned preventative maintenance (PPM) and the performance of theatre ventilation plant in the three hospital groups justifies the earliest introduction of this scheme into hospital engineering departments and the closer monitoring of its execution. There are economic reasons for PPM also (Kensett, 1974b) . Since the Health and Safety at Work Act (1974) places some responsibility on the employer to take precautions to avoid exposure of employees to harmful substances, and the degrees of contamination vary with different levels of theatre ventilation (Hallen, Ehrner-Samuel and Thomason, 1970; Knights, Armstrong and Strunin, 1976) , there are medico-legal implications in maintaining theatre ventilation rates at design specification. Although deficiencies in plant maintenance were the principal reasons for the low ventilation rate observed in the main theatre of our study, inadequate standards of engineering construction and design have been incriminated also (Lidwell, 1976) . Hewer (1972) reported blockage of air-filtering screens in the ventilation plant of a newly built theatre with pigeons' feathers and droppings. Evidence collected during the present study shows that this was not an isolated case.
It is important to monitor the actual volumes of air being delivered to the theatre (Kensett, 1974c; Lowbury et al., 1975) . Flap valves, permanently installed rotating vane anemometers, orifice plates and Venturis are some of the devices that could be used (Lidwell, 1976} .
APPENDIX 1
The electronic vane anemometer has a 102-mm diameter head with a finely balanced eight-bladed vane supported in precision ball races. The rotation is sensed by a capacitance transducer. The air flow rate across the anemometer may be measured in four ranges from 0.2 to 25 m s"
1 . All readings in this study were made in the 0.2-1.0 ms" 1 and 0.2-2.5 ms" 1 full scale deflection ranges. The instrument is calibrated by the manufacturer on an open-jet wind tunnel employing orifice plates coupled to a precision manometer. The accuracy is quoted as better than ± 1.5% of the range in use at velocities greater than 1 m s~l. The effect of yaw angles of the air flow to the axis of the head is negligible up to ± 15° because of the cancelling influence of the effective pitch of the radially opposed blades.
APPENDIX 2
The electronic thermistor velocity probe has paired beads. The air velocity reading is represented by the amount of electrical energy required to maintain one thermistor bead at 150 °C in the air-stream. The unheated bead corrects for air-stream temperature effects. The velocity range covers 0 to 15 ms-1 with an accuracy of ±5% of the reading above 1 m s -1 . The measuring orifice of 8 mm diameter is mounted on the probe of 12.7 mm diameter with extensions up to 680 mm in length.
VENTILATION DES SALLES D'OPERATIONS Comparaison du plan de travail et des valeurs observies

RESUME
On a procede a des essais sur les taux de ventilation de 23 salles d'operations choisies au hasard et on a trouve que ces taux variaient tres largement selon les specifications du plan de travail (-43 a 40%). On a etudie intensivement pendant 6 mois une salle d'operations moderne et determine les causes de la mediocrite de la ventilation. Les services d'entretien preventif sont justifies par la relation positive qui existe avec les performances de l'installation. On discute dans cet article de l'influence de la ventilation des salles d'operations sur la contamination par les agents anesthesiants ainsi que des implications medico-legales d'une ventilation mediocre de ces memes salles. II semble necessaire d'y installer des signaux indiquant le debit d'air arrivant par la conduite principale, afin de prevenir le personnel de la baisse du niveau de ventilation dans la salle d'operations. ). Una moderna sala de operaciones fue estudiada intensamente durante 6 meses, determinandose las causas de la mala ventilacion. Los planes de mantenimiento preventivo quedan justincados por existir una relaci6n positiva con el rendimiento de los equipos. Se discute la influencia que ejerce la ventilacibn de la sala sobre la contaminaci6n con agentes anest&icos y las implicaciones medicolegales de la mala ventilacion de la sala. Son necesarias senates referentes a la circulation de aire en el conducto principal, dispuestas en la sala de operaciones, a fin de advertir al personal respecto de los bajos niveles de ventilacibn en la sala.
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